The ability to distinguish clonal B-cell populations based on the sequence of their rearranged immunoglobulin heavy chain (IgH) locus is an important tool for diagnosing B-cell neoplasms and monitoring treatment response. Leukemic precursor-B-cells may continue to undergo recombination of the IgH gene after malignant transformation; however, the magnitude of evolution at the IgH locus is currently unknown. We used next-generation sequencing to characterize the repertoire of IgH sequences in diagnostic samples of 51 children with B precursor acute lymphoblastic leukemia (B-ALL). We identified clonal IgH rearrangements in 43 of 51 (84%) cases and found that the number of evolved IgH sequences per patient ranged dramatically from 0 to 4,024. We demonstrate that the evolved IgH sequences are not due to amplification artifacts and are unique to leukemic precursor-B-cells. In addition, the evolution often follows an allelic exclusion pattern, where only one of two rearranged IgH loci exhibit ongoing recombination. Thus, precursor-B-cell leukemias maintain evolution at the IgH locus at levels that were previously under-appreciated. This finding sheds light on the mechanisms associated with leukemic clonal evolution and may fundamentally change approaches for monitoring minimal residual disease burden.
Introduction
Pediatric B precursor acute lymphoblastic leukemia (B-ALL) is generally thought to be a clonal disease resulting from malignant transformation and expansion of a single B-cell. [1] [2] [3] [4] Clonality of B-cell populations can be assessed by analysis of gene rearrangements that occur at the immunoglobulin heavy chain (IgH) gene. Early in B-cell development, somatic recombination at the IgH locus gives rise to unique rearrangements of the variable (V H ), diversity (D), and joining (J H ) gene segments. 5, 6 In this two-step process, recombination signal sequences mediate D to J H joining, which is followed by V H to D-J H joining. [7] [8] [9] During this recombination, non-templated nucleotides (N-bases) may be added at the junctions between gene segments, and other nucleotides may be deleted from the V H , D, and J H germline sequences. 10 The resulting unique V H -D-J H rearrangements are used as clonotypic markers in pediatric B-ALL.
PCR-based methods have shown changes in clonal IgH rearrangements between initial diagnosis and relapse in a significant proportion of pediatric B-ALL cases. [11] [12] [13] These changes at the IgH locus could represent the persistence of ancestral clones that later expand, or continued evolution of the primary clone in the setting of anti-neoplastic therapy. Ongoing changes at the IgH locus have been shown to be the result of two distinct mechanisms. First, one V H segment can be exchanged for an alternative 5' V H , while retaining the same D-J H , which is known as V H replacement. Alternatively, a partially rearranged IgH gene where only D-J H joining has occurred in the ancestral clone may recombine with multiple V H segments. [14] [15] [16] [17] [18] Previous studies have investigated the clinical significance of clonal IgH evolution in B-ALL patients. 15, 19 Clones present at relapse possessing evolved IgH rearrangements can often be traced back to minor clonal populations present at diagnosis that were presumably resistant to chemotherapy. 12, [20] [21] [22] [23] Moreover, these retrospective evaluations have shown that the burden of For personal use only. on October 28, 2017 . by guest www.bloodjournal.org From relapse clone at diagnosis predicts time to relapse in a subset of B-ALL patients. 22, 24 These studies highlight the need to identify all clonal malignant populations at diagnosis, which will enhance the likelihood of detecting minor, potentially chemoresistant leukemic clones as patients progress through treatment. Despite these significant implications, the extent of clonal evolution at diagnosis and the variation of clonal evolution among B-ALL patients remain largely unstudied.
To further characterize clonal evolution in B-ALL, we performed IgH repertoire sequencing on diagnostic samples from 51 children with B-ALL. Sequencing-based methods have been used previously to characterize B-cell diversity in individual samples with high sensitivity. [25] [26] [27] [28] In this approach, each rearranged IgH sequence represents a unique tag, or clonotype, enabling identification of cells containing that rearrangement. This method enables quantitative determination of IgH rearrangement frequencies, which is a direct measure of clonotype abundance. This method can also be used to detect evolved IgH rearrangements and distinguish between the two mechanisms responsible for generating them. Using this approach, we identified high frequency leukemic "index" clonotypes and observed distinct but related "evolved" clonotypes in most B-ALL patients.
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Materials and Methods
Clinical samples 51 diagnostic bone marrow samples from children with B-ALL diagnosed at Lucile Packard Children's Hospital were collected on a protocol approved by the Stanford University Institutional Review Board (IRB) as previously described. 29 Informed consent was obtained prior to specimen collection and samples were de-identified prior to use in studies, in accordance with the Declaration of Helsinki.
Peripheral blood mononuclear cells were obtained from 35 patients with chronic lymphocytic leukemia (CLL) diagnosed at Stanford University Medical Center. All CLL patient samples were obtained with explicit authorization and monitoring by the Stanford University IRB.
Flow cytometry and cell sorting
Upon thawing of cryopreserved bone marrow mononuclear cells (BMMC), one-third of the vial volume was washed and lysed immediately in RLT plus buffer (Qiagen) for nucleic acid isolation according to manufacturer guidelines. The remainder of each vial was suspended in phosphate buffered saline containing 2% fetal bovine serum (PBS/2FBS) and washed twice prior to antibody labeling. See Supplementary Methods for a description of these methodologies.
DNA preparation
DNA was isolated using AllPrep DNA mini and/or micro kits, according to manufacturer's instructions (Qiagen).
IgH amplification and sequencing
Genomic DNA was amplified using locus specific primer sets for IgH. The goal of this amplification reaction was to reproducibly amplify all possible rearranged IgH sequences in the sample while appending the necessary sequences for cluster formation and sample indexing. See Supplementary Methods for a description of the primer design, and amplification and sequencing reactions.
Analytical methods

Clonotype determination
A clonotype was defined when at least two identical sequence reads were obtained. See Supplementary Methods for a description of the clonotype determination analysis methods.
Passed/failed samples Flow cytometry: Samples with less than 500 starting cells were not analyzed further. One patient had only 1 malignant cell gate (patient 13).
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Disease clone calibration criteria
The frequency of all the clonotypes in each sample was determined by calculating the number of sequencing reads for each clonotype and dividing by the total number of passed sequencing reads in the sample. Individual clonotypes with >5% frequency were designated index clonotypes.
Evolution criteria
Identification of potentially related clonotypes: Potentially related clonotypes for further analysis were identified using three criteria: (1) Identical J H segment sequence to index clonotype, (2) greater than 1 molecule and (3) different V H allele from the index clonotype. 
Results
Clinical characteristics
Bone marrow diagnostic samples from 51 children with B-ALL were evaluated. Patient and sample characteristics are summarized in Table 1 and Supplemental Table 1 . The patients were a random sampling of children diagnosed with B-ALL at Lucile Packard Children's Hospital over the previous 7 years. Data were collected on prognostic variables including age, initial white blood cell count, cytogenetics, central nervous system (CNS 1, 2, and 3) status, and end of induction minimal residual disease (MRD). Based on the information presented in Table 1 , these samples are representative of the general patient population treated at Lucile Packard Children's Hospital and are similar to what is seen in recently published B-ALL studies. 31 
Study schema: Sequencing the IgH locus in B-ALL diagnostic bone marrow samples
Clonal evolution in B-ALL bone marrow samples at diagnosis was characterized by amplification and sequencing of the IgH locus. In order to definitively identify disease ("index") clonotypes, and to determine the frequency of index and related clonotypes in each patient, BMMC isolated and cryopreserved from each of the 51 patients at diagnosis were retrieved and split into two workflows. In one workflow, DNA from unsorted cells was isolated, and IgH was amplified, sequenced and analyzed using index clone identification and clonal evolution algorithms. This unsorted sequence data provides the quantitative measure for identification of disease, or index, clonotypes in a sample. The number of input cells and mapped reads are shown in Supplemental Table 2 .
In a second workflow, flow cytometry was used to sort CD45 + CD10 -CD19 + CD20 + cells consistent with normal B-cells (herein referred to as normal B-cells), as well as those carrying markers typical of B-ALL cells 32 (phenotypes varied amongst patients; see Supplemental Table   2 ). DNA from these sorted cells was isolated, and the IgH gene was amplified and sequenced.
Clonotypes identified in the normal B-cell and leukemic sorted populations were used to validate the disease clonotypes identified in the unsorted analysis.
The unsorted and sorted sequencing data provide two complementary uses for this study.
The unsorted sequencing data, a quantitative measure of the full immune repertoire, enables the identification of index clones in a patient sample. Specifically, we use the unsorted sequence data to identify individual clones that appear at greater than 5% frequency in the unsorted population (i.e. an "index" clone). In contrast, data from the sorted populations are merely used for validation of the index and evolved clones. Using the dataset from the sorted cells, we see enrichment of index and evolved clones in populations sorted for malignant cell markers, and deenrichment of the index and evolved clones in populations sorted for normal B-cell markers (see below). Thus, the unsorted data provides the quantitative measurement that is necessary for the identification of the index clones, while the sorted data is merely used for qualitative validation of index and evolved clones. In total, these experiments generated over 145 million mapped IgH sequencing reads, an average of over 750,000 reads per sample. The study schema is summarized in Figure 1 .
Leukemic index clonotypes identified in B-ALL diagnostic and relapse samples
We set a frequency threshold of 5% to designate a clonotype as an index leukemic clone. Using this threshold, we identified 86 leukemic index clonotypes in the diagnostic bone marrow samples (Table 2, Figure 2 ). 16 patients had one index clonotype, 16 patients had two index clonotypes, and 11 had greater than two index clonotypes ( Table 2) . For patients with one or more index clonotypes, a significant majority of the IgH reads were generated by the index clonotypes (mean 87%) ( Table 2 ). For two patients, relapse samples were also available and results were very similar to diagnostic samples. In patient 1, neither sample had an index clone.
In patient 48, the index clones were 29%, 24% 24% and 23% at diagnosis and these same clones were 31%, 24%, 23%, and 22% at relapse.
We validated that clonotypes above our threshold are likely to be leukemic by several methods. First, we looked at frequency distributions in healthy bone marrow samples.
Individual clonotype frequencies in healthy bone marrow samples from adults were uniformly far below the 5% threshold ( Figure 2 ). Similarly, 99.1% of clonotypes were present at very low frequency (below 0.1%) in the B-ALL diagnostic samples ( Figure 2 ).
We further validated the 5% threshold by confirming that index clonotypes were deenriched in populations sorted for normal B-cell markers ( Table 2) . Index clones were found in normal B-cells from patients with a mean frequency of 3.4% (median of 1.0%). A low frequency of index clones is expected in the sorted normal B-cells since conventional fluorescence activated cell sorting does not permit isolation of pure populations. Moreover, sort purity is lowest when target cells are at very low frequency, as was the case in many of the samples with very low percent of normal B-cells. There was at least a 2-fold reduction in index clone frequency in the normal B-cell sort (mean of 27-fold reduction). The reduction of index clone frequency in the normal B-cell sort was consistent throughout the range of index clone frequencies, indicating that even clonotypes just above the threshold (e.g., 5-10% frequency) are leukemic clonotypes. In contrast, within most patients, the sum of the index clone frequencies was enriched or remained similar in cells sorted for leukemic cell markers (CD45 -/low CD10 + ).
The only exception was in patient 31, whose sample had 3% viable cells. These results validated our criteria and threshold for selecting index clonotypes.
Extent of NDN sharing required for identification of evolved clonotypes
Visual comparison of index and non-index clonotype sequences within individual patients revealed that many clonotypes shared the same J H segments and a portion of the NDN region adjacent to the J H segment, but differed in their V H segment and the NDN region immediately adjacent to the V H segment. Figure Figure 3A ). In addition to the expected exponential decline in sharing of sequential NDN nucleotides, there were a large number of clones that shared over 15 bases ( Figure 3B ). In contrast, very few CLL samples exhibited clones sharing more than a few consecutive NDN bases (red line in Figure 3B ). Because CLL is a malignancy of B-cells at later stages of development, clonal evolution through V H replacement is not anticipated in these samples. [33] [34] [35] Based on these observations, we developed a bioinformatic algorithm to identify evolved clones based on shared NDN bases. Because D segment lengths vary, yet bases in each D segment are not independent of each other, identical D segments are compressed as 2 effective NDN bases.
This modification maintained separation between the level of sharing observed in the B-ALL and CLL samples (Supplemental Figure 1 ). Very few CLL clones (0.03%) with the same J H segment as the index clone shared more than 6 effective NDN bases with the index clone, while 37% of B-ALL clones with the same J H segment shared 6 or more effective NDN bases with an index clone. This suggests that a threshold of 6 shared effective NDN bases can be used to define evolved clonotypes (equivalent to p<5x10 -4 with a geometric distribution). The low detection of evolved clonotypes in CLL samples was not due to significantly more index clones with short effective NDN length, as the fraction of CLL index clones that have effective NDN length >6 was larger than that for the B-ALL samples.
Evolved clonotypes identified in B-ALL diagnostic samples
With this algorithm, we identified almost 14,000 evolved clonotypes in the diagnostic B-ALL bone marrow samples ( Table 2 ). The number of evolved clonotypes per B-ALL patient varied widely from 0 to 4,024 clonotypes, with 37 of 43 patients having one or more evolved clonotypes ( Table 2 ). The number of evolved clonotypes that were associated with each index clonotype is shown in Supplemental Table 3 . Forty-two percent of clonotypes with a frequency above 0.1% were comprised of clonotypes evolved from the ancestral B-ALL clone ( Figure 3C ).
Validation of evolved clonotype selection criteria
When the clonal evolution selection criteria were applied to the B-ALL patient samples, the vast majority of samples (37 of 43 patients, 86%) showed the presence of evolved clonotypes ( Figure   3D ). We validated our algorithm with three methods. First, to assess the level of random NDN sharing, we compared the clones from each B-ALL patient to the index clones of all other B-ALL patients ( Figure 3D ). In this comparison, 0.02% were called evolved clonotypes by our algorithm, similar to the 0.01% frequency expected by chance. The number of called evolved clonotypes in the majority of the across-patient B-ALL comparisons are not significantly higher than zero (p<10 -5 , binomial distribution).
In order to ensure that the observed evolved clonotypes are not generated by amplification artifacts linking the high frequency index clone sequence with another sequence from a different clone, we assessed 35 CLL samples for the presence of evolved clonotypes using the same definition and thresholds used for B-ALL samples. CLL contains high frequency disease clones like B-ALL, but it is a malignancy of B-cells at later stages of development, therefore, no significant evolved clonotypes are expected. A total of 0.01% of clones in CLL samples were called evolved, which is consistent with the number expected by chance with a pvalue of 10 -4 ( Figure 3D ). In addition, none of the individual samples contained a significant number of evolved clones (p<10 -5 , binomial distribution). Along with the comparison above, these numbers placed a ceiling on the extent of evolution in B-ALL samples that can be explained by PCR or sequencing artifacts or by random chance sharing.
We further validated the clonal evolution criteria by assessing the presence of the evolved clonotypes in the sorted cell populations. If these clonotypes were indeed leukemic, For personal use only. on October 28, 2017. by guest www.bloodjournal.org From their frequency in the normal B-cell population was anticipated to be de-enriched compared with the frequency in the initial unsorted sample. While evolved clones were found in the malignant phenotype sorts, they were virtually absent in the normal B-cell sorts. Evolved clones were found in the normal B-cell sort with a maximum frequency of 0.4% (mean of 0.03%, median of 0) with an average 58-fold reduction in frequency. These results further validated our selection criteria for identification of evolved clonotypes in the B-ALL diagnostic samples.
Variation in clonal evolution patterns at the patient level
We characterized the clonal evolution pattern in each patient. We found that the percent of evolved clonotypes ranged dramatically from 0% to 86% across the B-ALL patients, with the majority of patients having evolved clonotypes ( Table 2 ). The 43 B-ALL patients who had index clonotypes could be categorized into three distinct groups based on the percent of clonal evolution present in their diagnostic sample. Specifically, 6 patients had no evolution (0%), 23 patients had limited evolution (0-10%) and 14 patients had a high-degree of evolution (>10%) ( Table 2 ). Figure 4 shows the contrasting evolution patterns between a patient with no evolution (patient 36) and a patient with a high-degree of evolution (patient 50). In patient 50, two higher frequency clonotypes that share one J H segment but have different V H segments are observed. In contrast, a single higher frequency clonotype is seen in the sample with no evolution (patient 36) ( Figure 4 ). The wide variation in clonal evolution patterns between patients may serve as the basis for further exploration of the prognostic significance of such clonal evolution in B-ALL.
We tested for any strong association of evolution with age at diagnosis, initial white blood cell count (WBC), CNS involvement, cytogenetics, NCI risk group, and day 29 flow MRD. We did not find any significant associations with these clinical variables. However, all 4 evaluable relapse patients showed high levels of evolution at diagnosis, and the association between evolution and relapse was found to be significant (p = 0.04), suggesting the need for additional validation.
Genesis of evolved clonotypes
The large number of evolved clonotypes demonstrated above can be generated by two distinct models. The ancestral clonotype may be an incomplete rearrangement (D-J H ) of the IgH locus and its progeny may continuously recombine the V H segment. Alternatively, the original clonotype may, in fact, be a complete V H -D-J H rearrangement subject to continuous V H replacement in progeny cells. The second model would indicate that the V H segments of the evolved clonotypes will reside in a germline location that is 5' to the ancestral V H clonotype.
We therefore assessed whether the V H segment in evolved clonotypes are 5' or 3' of the V H segment in index clonotypes, noting that the index clonotypes may not necessarily be the ancestral clonotypes. We observed that in the majority of samples, there is a strong bias for the V H segment in evolved clonotypes to be 5' of the V H segment in the index clonotype (Supplemental Table 4 ). In 7 cases, the bias is milder and in only 2 cases, the bias was for the V H segment in evolved clonotypes to be 3' of the V H segment in the index clonotype (Supplemental Table 4 ). In patients where there is a strong bias for the V H segment of evolved clonotypes to be 5'of the V H segment of the index clone, the generation of evolved clonotypes is consistent with the second V H replacement model. In these cases, the index clonotype is likely to be ancestral to most of the evolved clonotypes. In 9 patients, there are substantial numbers of For personal use only. on October 28, 2017. by guest www.bloodjournal.org From clonotypes whose V H segments are 3' of the index clonotype, which indicates that these clonotypes were not generated from the index clonotype, but that both were likely generated from a distinct ancestral clonotype. This could be consistent with the first model we outlined, in which the ancestral clone has undergone D-J H rearrangement and its progeny join different V H segments to that D-J H clonotype.
Striking differences in number of evolved clonotypes between independent index clonotypes in the same patients
We also assessed the distribution of evolved clonotypes within samples that contained multiple index clonotypes. Twenty-seven B-ALL patients had multiple index clonotypes in their diagnostic bone marrow samples ( Table 2 ). Our definition of index clones is based on a frequency threshold and therefore there were several cases where index clones were related to each other by evolution. Similarly, as part of normal B-cell development and in B-ALL, IgH can rearrange in one or both chromosomes potentially leading to more than one independent index clonotype (i.e., not related to each other by evolution). Altogether, there were 21 samples with more than one independent index clone (Supplemental Table 3 ).
In cases where two independent index clones were found in an individual, we investigated whether evolution occurs equally on both chromosomes or preferentially on one chromosome. Altogether there were 7 samples with two independent (i.e., not related to each other by evolution) index clonotypes and at least a moderate number (>20) of evolved clonotypes in the sample. In 3 of 7 cases, all detected evolution occurred for one clonotype, while no evidence for evolution is seen in the other. In one of the three patients (Patient 38), the effective For personal use only. on October 28, 2017. by guest www.bloodjournal.org From NDN length of the index clonotype was less than 6, and therefore, we were not able to detect evolution associated with this clonotype using the algorithm employed in this study. In the other two patients, evolution could have been detected but was not observed. For example, patient 9 had 2 index clonotypes which were related to 42 (9%) and 0 evolved clonotypes, respectively (Supplemental Table 3 ). In the remaining 4 patients with two independent index clonotypes, each of the index clonotypes showed at least some evolved clonotypes. For example, patient 35 had two index clonotypes, with 2 different J H alleles, which were related to 1020 (24%) and 129 (3%) evolved clonotypes, respectively (Supplemental Table 3 ).
We evaluated whether there is evidence of an incomplete IgH rearrangement in the three cases with exclusive evolution in one of the two index clonotypes. In all three cases, the evolved clonotypes shared several N bases between the V H and D segments with the index clonotype indicating that they result from a V H -DJ H recombination and are not the result of a D-J H recombination.
Different cell surface markers in related clonotypes at the time of diagnosis
We evaluated whether evolved clonotypes had different cell surface markers than their related index clonotype(s) at the time of diagnosis. This was performed by isolating two leukemic cell populations from each sample based on expression of a panel of cell surface markers commonly used for characterizing B-ALL samples, specifically CD10, CD19, CD20, CD34, CD38, CD45 and CD81. 32, 36, 37 Expression of this set of cell surface markers on BMMC samples was diverse across patients, and no single set of gating criteria could be applied to all patients. The markers chosen to distinguish the two leukemic populations from each patient were determined at the For personal use only. on October 28, 2017. by guest www.bloodjournal.org From time of sorting on a patient-by-patient basis (see Supplemental Table 2 for marker phenotypes of each gated sub-population from each patient). We compared the frequency of the related clonotypes in the two leukemic cell populations and the initial unsorted sample. In some cases, such as patient 23, related clonotypes from the same sample were enriched in one leukemic population and de-enriched in the other (Figures 5A, 5B and 5C ). For patient 23, we performed flow sorting two separate times with two different markers (CD38 and CD45) to distinguish each leukemic population. The evolved clonotype frequencies showed no substantial difference in the two leukemic populations defined by CD45, however they showed substantial differences in the leukemic populations defined by CD38 ( Figures 5A, 5B and 5C ). These results demonstrated that in some samples, a portion of the evolved clonotypes had different cell surface markers than their related index clonotype(s).
Discussion
We performed this study to gain deeper insights into clonal evolution in childhood B-ALL. Using a sequencing technology-based platform, we observed ongoing, profound clonal evolution at the IgH locus in diagnostic samples from B-ALL patients. Some diagnostic samples did not contain any high-frequency IgH rearrangements, which is consistent with previous studies revealing a lack of IgH clonality in some B-ALL patients. 38 We observed up to 4,024 evolved clonotypes per B-ALL patient. This magnitude of clonal evolution has not been described previously, and we anticipate that additional evolved clonotypes may be present that are undetectable using the current algorithmic approach. The vast majority of evolved clonotypes are present at low frequency at diagnosis, rendering them undetectable by previous investigations. Because we focused our studies on a single locus, we were able to deeply sequence the IgH locus and identify evolved events at extremely low frequency (10 -5 or lower), which provides complementary insights to whole genome studies that only reveal high frequency evolution events. The clinical significance of these low frequency evolved events is unclear and will be the subject of future investigations.
Although this study has very limited power to detect association of evolution with clinical variables (due to the fact that only 4 patients with index clones and 1 without an index clone relapsed), the association between evolution and relapse was found to be significant.
Further studies with sufficient statistical power are needed to determine the clinical significance of the magnitude of evolution in B-ALL diagnostic samples and its correlation with relapse and clinical outcome.
The occurrence of V H replacement in leukemia has previously been investigated, and relapse clones in B-ALL have been traced back to a minor clonal population present at diagnosis For personal use only. on October 28, 2017. by guest www.bloodjournal.org From that was resistant to remission induction chemotherapy and undetectable by routine monitoring methods. 12, [20] [21] [22] [23] Our data shows that, in some diagnostic samples, most of the evolved clonotypes were not derived from the index clone but instead both were generated from some other ancestral clonotype. Presumably, the cells carrying the index clonotype had expanded due to acquisition of an oncogenic mutation, and its biological behavior and chemoresistance may be significantly different from both the ancestral clone and clonotypes derived from the ancestral clone. We also observed biological heterogeneity between clones in some samples, where cells bearing some of the evolved clonotypes had different surface markers than their related index clonotypes. The heterogeneity of surface markers within the same sample may have an impact on the detection of MRD using flow-cytometric methods. Further studies may ascertain the importance of these distinct clonal populations in leukemic transformation; both at initial diagnosis, as well as at the time of relapse.
Our results also provide insight into the molecular mechanisms responsible for clonal evolution in B-ALL patients. Evolution at the IgH locus has been attributed to multiple mechanisms, including V H replacement or continued recombination of an ancestral incompletely rearranged IgH sequence (i.e., V H to D-J H joining). [14] [15] [16] [17] [18] 39, 40 Our data suggests that V H replacement is the dominant molecular mechanism responsible for clonal evolution in B-ALL patients, as suggested by predominant usage in evolved clones of V H segments 5' in the germline configuration to the V H segment used by the index clonotype. In some cases, the extent of clonal evolution was disparate between multiple index clonotypes in the same patient. This can be attributed to allelic exclusion of the evolution process likely due to cis acting factors. 41 Our data suggest that IgH locus evolution in leukemic cell clones may be recapitulating some of the mechanisms of allelic exclusion that have been observed in normal lymphocytes, in which V H to D-J H recombination is activated on one chromosome and inhibited on the other chromosome by mechanisms presumably linked to RAG protein accessibility to the chromatin. 7, 8 In addition to the biological significance of this study, our results suggest that the sequencing-based approach holds promise for MRD monitoring in B-ALL. The current standard for childhood B-ALL treatment is risk-modified therapy intensification based largely on the detection of MRD during and after induction therapy. Subsequent MRD monitoring for detection of clinical relapse has shown some clinical utility, such as in transplant settings where molecular MRD prior to transplant has been found to be prognostic for post-transplant relapse. 42 Despite these encouraging findings, the vast majority of MRD monitoring studies have shown limited utility after the end of induction. This may be due to assay sensitivity limitations in the case of flow cytometry, or an inability to monitor evolved leukemic clones at relapse that were undetectable at diagnosis in the case of allele-specific oligonucleotide PCR. This study demonstrates that our sequencing-based approach enables quantitative analysis of clonal evolution in diagnostic B-ALL samples, which shows great promise for improved MRD monitoring. However, one limitation of the sequencing approach for MRD evaluation is the requirement of an initial diagnostic sample that contains a high frequency index clone. Further studies will be necessary to demonstrate the clinical validity of this method for MRD detection and its practical application within current laboratory workflows.
In summary, high-resolution IgH repertoire sequencing can be used for the identification and monitoring of the entire population of leukemic clones in diagnostic samples from pediatric B-ALL patients. Our studies also reveal distinct biological mechanisms that facilitate the ongoing evolution at the IgH locus. Clinical validation is now needed to show that the application of this technology to monitor evolved leukemic clonotypes can fundamentally Not sorted = Only DNA was available for these samples, and therefore no sorting was performed. Supplemental Table 2 ), no apparent malignant population was observed. 
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